The Bouguer gravity anomaly over the Himalayan,. Alpine, and Appalachian mountains is characterized by a generally asymmetric gravity "low," which spans the mountains and associated foreland basins. The minimum of the gravity "low" is generally systematically displaced from the region of greatest topographic relief and shows no obvious relationship to surface geology. In addition, the Alps and Appalachians are associated with a generally symmetric gravity "high" that is unrelated to the topographic relief. Together the gravity low and high form a characteristic positive-negative anomaly "couple. 
INTRODUCTION
The gravity field over orogenic belts has long been a subject of considerable interest to geodesists, geologists, and geophysicists. The gravity field is a sensitive indicator of the degree and the manner in which surficial topographic features on the earth are compensated at depth. The earliest gravity studies showed that regions of high topographic relief, such as the Andes and Himalaya, are compensated at depth. Airy [1855] proposed a model in which the compensation took the form of a thickening of a crust of uniform density. Pratt [1855] , on the other hand, proposed that the compensation took the form of lateral density changes in a crust and upper mantle of equal overall thickness. In both models the compensation occurred directly beneath the topography, taking the shape of a deep crustal "root" in the Airy model and an overall mass deficiency in the crust and upper mantle in the Pratt model.
It was subsequently shown that these isostatic models satisfactorily reduced closure errors in geodetic surveys in mountainous terrain in the United States, India, and northern Europe [Hayford and Bowie, 1912; Heiskanen, 1924] . Many Also at Bureau of Mineral Resources, Australia.
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Paper number 3Bl158. 0148-0227/83/003 B-1158505.00 questions were raised, however, concerning the applicability of these models to understanding the geological processes involved in mountain building [e.g., Chainberlin, 1931] . Of particular concern was the origin of the topographic relief itself. Geological field mapping revealed that many mountain ranges were cored by relatively low-density granitic-type rocks but were flanked by folded sediments. This suggested that both vertical and horizontal movements may play a significant role in mountain building [e.g., Bowie, 1927] . Unfortunately, the Airy and Pratt isostatic models only provide a static description of the final configuration of the crustal and mantle structure and therefore provide no information on the relative importance of horizontal and vertical movements.
During the late nineteenth and early twentieth centuries a vigorous effort was made in the United States and Europe to obtain continuous profiles of the gravity field over mountain ranges [e.g., Putnam, 1895; Heiskanen, 1924] . These profiles showed that mountain ranges were characterized by largeamplitude positive and negative gravity anomalies that could not easily be explained by the Airy or Pratt models. In the case of the Alps a positive-negative anomaly "couple" was mapped that was nearly continuous along the entire mountain range. These, and other observations, prompted Chainberlin [1931] to conclude that the geological processes involved in mountain building occurred largely independent of isostasy. He stated, for example, that isostasy was more likely to act in opposition to mountain building. controlling mountain building. The mechanism of mountain building involves the local transfer of material onto the continental lithosphere, and so we would expect a flexural control in the development of mountain ranges and their associated foreland basins. Warsi and Molnar [1977] and Turcotte and Schubert [1982] considered that flexure may be important in controlling the development of foreland basins flanking the Himalaya and Appalachian mountain ranges. They attributed basin development to bending of the underlying basement by applied loads developed during continental suturing and collision. Jordan [1981] , in reconstructing the thrust/nappe loads based on detailed geological field mapping, showed that the load of the fold/thrust belts in the U.S. Rockies was insufficient to explain the development of the Denver and Powder River basins. She used large sediment loads, presumably due to erosion of the thrust sheets, and the existence of an unknown driving force to explain fully in the development of these basins. Further, she concluded that an elastic plate model was an adequate approximation for the response of the continental basement to these loads. Beaumont [1981] , by assuming that the load was caused by laterally migrating thrust sheets in the Canadian Rockies, predicted the stratigraphy of the Alberta Basin. However, in order to match the observed stratigraphy he used a viscoelastic (Maxwell) model for the long-term mechanical properties of the continental lithosphere. As demonstrated by Watts et al. [1982] , an elastic model in which the. rigidity is a function of the age of the lithosphere adequately explains the stratigraphy of basins in other intracratonic settings.
The main difficulty with these previous flexure studies, however, is that the gravity field, which is a function of both the load and the mechanical properties of the lithosphere, was not used as a constraint. The purpose of this paper therefore is to describe the gravity anomaly patterns over orogenic belts and then to use these patterns to evaluate the role of lithospheric flexure in mountain building. We have selected three mountain ranges for the study; Himalaya, Alps, and Appalachians, for which a sufficient spatial distribution of gravity and topography data is available. These data will be used to evaluate quantitatively the relationship between gravity and topography at mountain ranges. The objective of the study is to determine the relative role of surface and subsurface loading in mountain building and to use this information to understand better the long-term mechanical properties of continental lithosphere.
GEOLOGICAL SETTING

Himalayas
Figure 1 shows a simplified geological map of the Himalayan region which defines the main tectonic/stratigraphic units. The geological history of the Himalayas can most easily be discussed in terms of two main stages: The first stage involved convergence of the northward drifting Indian subcontinent with a proto-Tibetan landmass during the Late Cretaceous and Paleocene, culminating in a lower-middle Eocene collision [Powell and Conaghan, 1973] . The second stage involved the formation of a fundamental detachment surface during the late Eocene/Oligocence (the main boundary fault) along which the Indian continental lithosphere was underthrust from Miocene to Recent . As a consequence of this collision, a peripheral molasse basin (Ganges Basin) was produced which resulted in the deposition of Neogene clastics between India and a continental or island arc terrain [Powell, 1979; Klootwijk, 1979] . The lack of present seismicity or topographic relief suggests that the suture is now tectonically inactive .
Alps
The Alpine fold belt has had a long and complex history beginning with continental rifting and the development of passive continental margins in the Permo-Triassic, followed by thrusting and ophiolite obduction in the Cretaceous, culmi- European plate. In places, the basement has been actively involved in the thrusting and has given rise to partly detached crystalline massifs of the External Zone [Laubsher, 1973; Hsii, 1979; Mueller et al., 1980; Beach, 1981] . The units south of the Insubric line, in contrast to the northern units, were not involved with any Alpine metamorphism.
In the area of Ivrea (Figure 2) [Hatcher and Odom, 1980 ]. The master decollement over which these displaced terrains were obducted is preserved as either a suture or cryptic suture. Suture zones represent the position of the destruction of oceanic lithosphere and the consequent juxtaposition of continental blocks [Dewey, 1976 [Dewey, , 1977 . Repeated continental collision may lead to a protracted history of thrust emplacement. For example, the Ivrea body of the western Alps appears to have been emplaced into intermediate crustal levels at the end of Hercynian time, later to be reactivated by the Alpine orogeny and thrust to the surface [Schenk, 1981] . The repeated obduction of displaced terrains, therefore, tends to reactivate preexisting thrust and normal faults, redistributing the mass of allochthonous material loading the basement [Beaumont, 1981] .
Continental blocks or flakes may be produced during the attempted subduction of continental lithosphere [Oxburgh, 1972; Shackleton, 1981; Soper and Barber, 1982] . The size of the resulting flake is probably dependent on the infrastructure of the subducted crust. In Europe, detailed seismic studies of both the crust and upper mantle show the existence of lowvelocity channels which may also act as low-strength zones [Mueller, 1977; Giese and Proriehl, 1976] . These low-velocity channels, which typically exist at 10-15 and 24-28 km in the European upper crust , may be localities for crustal decoupling and flake generation during continental collision [Oxburgh, 1972; Hsii, 1979] . In the Himalayas, however, there is a lack of detailed seismic studies, and so details of the crustal and upper mantle structure are poorly known. Classical models of isostasy would predict an inverse relationship between Bouguer anomaly and topography. Although this is the case of the eastern Alps, it is not true for the Appalachians (Figure 7) or the western and central Alps. Since it is possible to correlate the positive Bouguer anomaly from the Ivrea Zone of the western Alps through to the eastern Alps, we suggest that this anomaly has a common origin. We do not imply that the Ivrea Zone itself extends from the western to the eastern Alps but that the positive anomaly is related in some way to the obduction of detached crustal blocks from the overriding plate onto the lithosphere of the underlying plate during mountain building. Thus the observed inverse correlation between Bouguer anomaly and topography for the eastern Alps ( Figure 7} may be fortuitous, since the southern gravity gradient may be related to the shape of these obducted blocks rather than the M discontinuity.
FLEXURE OF THE CONTINENTAL LITHOSPHERE
The formation of mountain ranges is associated with the transfer of mass both horizontally and vertically. We would expect therefore that the continental lithosphere should respond by flexure to these applied loads. A number of previous The preservation of a molasse or flexural basin even when the associated mountain range has been significantly reduced by erosion (for example, the Appalachian during the Tertiary and the Alps during the Pliocene) suggests that loads, independent of surface topography, must act on the lithosphere. These loads could take the form of either density variations within the lithosphere or transmitted horizontal compression generated by the interaction of plates at their boundaries. Any load acting on the lithosphere will be associated with a positive gravity anomaly. The localized positive Bouguer gravity anomaly which characterizes the Alps and Appalachians (Figures 5 and 6 ) is unrelated to the topography and suggests the existance of local intracrustal loads.
During the formation of mountain ranges, obduction transfers mass (possibly as some form of crustal block or flake) from one plate to another, causing the basement beneath the obducted block to flex. In order to study lithospheric flexure at mountain ranges, however, it is necessary to develop a loading scheme which incorporates the various loads acting on the plates. Figure 9 , which uses the theory presented in Appendix B to model the response of a broken plate to applied loads, summarizes the loading scheme adopted for this paper. Since thrusting appears to be an important tectonic process in mountain building, we assume that the obduction of crustal blocks initiates the loading process. The crustal block (Figure 9a ) is supported by the flexural strength of the lithosphere and the buoyancy of the underlying material. However, the block cannot be fully accommodated within the flexural depression and therefore will always be associated wth significant topography (Figure 9b ). We assume that the remaining depression is then iteratively infilled with sediment up to the predeformation surface ( Figure 9c ). As Figure 9c shows, even after sediment infills the depression, there still remains a significant crustal block topography. If this topography is eroded, then given sufficient time, the basement would be expected to rebound, resulting in the total destruction of the sedimentary basin and the crustal block. The observation that the peneplation of the Appalachians (in the Tertiary [Johnson, 1931] ) and the Alps (in the Pliocene [Triimpy, 1973]) has not resulted in the destruction of their respective molasse basins suggests that a further load, in addition to the obducted block and surface topography, is acting on or within the lithosphere. The fact that this additional load, as identified by the positive Bouguer gravity anomaly, is not represented in the presentday topography implies that it must be in the subsurface. While we do not know precisely how the basement would rebound on unloading, we believe that it would return to the predeformation surface irrespective of any anelastic strains that may develop in the plate during loading. We refer to this load in Figure 9d as a subcrustal load even though it may have components within the lower crust. Figure 10 shows the Bouguer gravity anomaly associated with the loading scheme in Figure 9 A foreland basin will result from either surface or subsurface loads (Figures 8 and 11 ). When subsurface loads exist they will be the major control on both foreland basin formation and general crustal structure. Of lesser importance is the surface or topographic load, which should be associated with a local or 
Depth to Compensating Interfaces
The principle of isostasy implies that the loads associated with mountain building will be compensated in some manner at depth. Unfortunately, there are too little seismic refraction data available to constrain the crustal and velocity structure of the compensating masses. We have therefore used the power spectrum of the observed free air gravity anomaly to estimate the mean depth to the compensating interfaces.
Consider 
which can be approximated as a straight line of slope -2d.
The factor (e -2ha) is the dominating term of the power spectrum. Therefore for a discrete number of compensating masses the logarithm of the free air gravity power spectrum will show linear segments corresponding to each mass, the slope of which defines the mean depth to that mass. Figure 13 and Table 1 ranges. Figure 13 shows that the power spectrum consists of a number of linear segments, which can be interpreted in terms of the depth to the major density contrasts within the lithosphere. In particular, depth estimates appear to be related to the basement underlying the molasse basin (d3) , an intracrustal layer (de, possibly related to the major decollement surface along which obducted crustal block were emplaced), and the M discontinuity (dl).
Deflection Calculations
The deflection of the lithosphere is the result of both surface and subsurface loading. If it is assumed that the flexural rigidity of the lithosphere is the same for both surface and subsurface loading, then Figure 11 demonstrates that subsurface loads are the dominating factor on the deflection and, as such, can be considered as the primary load in mountain development. The surface load therefore represents a secondary load and will have a more restricted effect.
We modeled the deflection of the lithosphere by the emplacement of obducted crustal blocks and subcrustal loads (both composing the primary load), subsequent sediment infill into the flexural depressions, and topographic construction by thrust sheet/nappe stacking and mobilization (the secondary loads). Specifically, our procedure is to begin with the primary loading events. The geometry of the loads inferred from the positive gravity anomaly were used to load a broken plate, assuming appropriate densities (Tables 1 and 2 ). We assumed that the edge of the broken plate, a distance Al from the toe of the obducted block, is coincident with the gradient of the hinterland positive gravity anomaly ( Figure 12 and Table 2 ). The secondary loading event, represented by the emplacement of the surface topography, was superimposed on the equilibrium profile (equivalent to the predeformational surface) with a topographic offset, At, also relative to the edge of the broken plate (Figures 11 and 12 and Table 2 ).
The loading scheme outlined above assumes that the edge of the broken plate can be unequivocally determined from the observed inner gravity anomaly high (cf. Figure 10 ). In the case of the Himalayas, however, an obvious gravity high cannot be recognized. A recent gravity survey across the Tibe- 14). The steep gravity gradient to the south of the IndusTsangpo suture suggests a model in which the load south of the suture is flexurally supported by the strength of the lithosphere, whereas north of the suture the load may be supported either by the lithosphere or possibly by dynamic forces related to Recent volcanism and present-day rifting of the Tibetan Plateau. The exact nature of this support, however, is unclear. The southern gravity gradient is well explained by the flexture of a broken elastic plate, the edge of which exists at the IndusTsangpo suture.
Estimation of the Effective Flexural Rigidity of Continental Lithosphere
The gravity anomaly is sensitive to the long-term mechanical strength of the lithosphere. Since we have determined the geometry and mass of the emplaced loads, the rigidity of the lithosphere remains the only free parameter. Therefore, by comparing the gravity effect of the combined surface and subsurface loads and the associated deflection with the observed Bouguer gravity, the flexural rigidity of the continental lithosphere can be estimated. In particular, special emphasis was given to matching the amplitude and wavelengths of the outer gravity low and high. Because of the geological complexities of mountain ranges and their forelands, however, we have made only an order-of-magnitude estimate of the rigidity. Table 1 nappe surface loads were emplaced onto a broken elastic plate. The overthrust length Al and topographic offset At (Figures 10 and 11) were assigned from each mountain range (Table 2) , and the effective elastic thickness T e was adjusted to best fit the gravity data from each mountain range (Table 1) . For the Himalayas and Appalachians a single model was used to calculate the Bouguer anomaly. The close fit between observed and calculated anomalies over geographically widely separated profiles supports the statistical significance of the simple model. In particular, the loading of an elastic plate with uniform mechanical properties appears to be a satisfactory approximation for these mountain ranges since it explains a large proportion of the energy in the observed gravity anomalies. The best fitting elastic thicknesses for the Himalayas and Appalachians were 70-130 km. It is interesting to note that for both these mountain ranges the obducted crustal block and thrust sheet/nappes were emplaced on Archaean/ Proterozoic-aged basement. In the case of the Alps it was necessary to increase the elastic thickness from 25 km in the western Alps to 50 km in the central and eastern Alps in order The elastic models (Figures 10 and 11 ) predict that the crust progressively thickens from the foreland to the region of the suture zone. Further, because much of the load is subsurface, we would not expect any obvious correlation between crustal thickness and topography. In fact, the maximum crustal thickness corresponds to the position of the obducted crustal block.
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In our mechanistic model we view that the obduction of this crustal block in turn leads to the development of the topography. We predict that the crust would rapidly thin across the suture zone (or its equivalent) toward the hinterland.
We present in Figure 16 We have shown in this paper that the gravity anomaly "couple" observed over the Alps and Appalachians and outer and inner gravity signature of the Himalayas can be described by a model in which the continental lithosphere is deformed by flexure due to surface and subsurface loads emplaced during orogeny. In this section we examine the implications of this model for the crustal structure at mountain systems, admittance studies of the relationship between continental gravity and topography, and the long-term mechanical properties of continental lithosphere.
The close fit between the observed and calculated Bouguer gravity anomalies (Figure 15 ) demonstrates the applicability of the elastic plate model at mountain ranges. Implicit in the model is a prediction for the mountain crustal structure. By comparing the flexurally predicted crustal structure with that from the seismic refraction and reflection data, an independent test of the validity of the gravity-derived model can be made. (Figures 9d and 9e) . The origin of this crustal thinning is unclear. For example, it may represent the crustal structure prior to loading of a rifted continental margin. Alternatively, this crustal thinning may be caused by back arc rifting processes associated with active subduction. Lithospheric flexure is therefore an important phenomenon in continental tectonics, suggesting an alternative method of reducing continental free air gravity anomalies. In effect, the Bouguer reduction is a technique for "mass stripping" the gravity effect of mountains. However, it assumes an infinite flexural rigidity for the lithosphere and therefore does not adequately take into account the effect of the mountain's compensation on the gravity anomaly. It would seem that a more reasonable approach would be to mass strip the mountains flexurally and allow the lithosphere to have a finite rigidity. It appears that the flexural response of the continental lithosphere at a mountain range can be partitioned into a primary and secondary deflection. The primary deflection is associated with subsurface loading and so will be independent of surface erosion. However, the secondary deflection associated with the surface topography will with time become eroded and redistributed. During the removal of this surface load we would expect that the plate will rebound. Contrary to the interpretation of Kahle et al. [1980] , maximum uplift rates appear to correlate with topography rather than crustal structure.
Therefore the observed neotectonic movements of the studied mountain ranges may in part be explained by the erosion and subsequent rebound associated with the secondary loads. In mountain regions it is very common to measure gravity along roads which invariably are in valleys. The projected topographic profiles are necessarily, therefore, only an approximation to the true shape of the mountains. However, we believe that the absence of mountain peaks will not seriously effect our volume estimates used to determine the surface load.
There is a further problem with gravity from mountain regions. Simple Bouguer gravity anomalies from mountains and adjacent regions may be underestimated because of the additional gravity effect of mountain peaks and valleys poorly approximated by the Bouguer slab formula. The terrain correction, as it is called, is essentially a near-field effect and is always positive. The use of simple Bouguer anomalies in this paper is justifiable in terms of the amplitudes and wavelength of the gravity anomalies being interpreted. Figure A2 com- 
